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Catalytic conversion of waste rubbers and plastics into aromatic hydrocarbons is a 29 
promising approach to waste management and energy recovery. In the present study, 30 
acidic HY zeolites were supported by cobalt, iron, and zirconium, and the catalysts 31 
were characterized by powder X-ray diffraction, nitrogen adsorption-desorption, 32 
ammonia temperature programmed desorption, X-ray photoelectron spectroscopy, and 33 
pyridine-Fourier transform infrared spectroscopy. The catalytic degradation of waste 34 
polybutadiene rubbers (BR) was conducted to investigate the degradation mechanism 35 
and evaluate the catalytic activity of supported zeolites. Experimental results 36 
indicated that HY loaded by zirconium and iron led to a higher content of Lewis acid 37 
sites as opposed to cobalt supported one. Compared with the non-catalytic pyrolysis 38 
of BR, the zirconium supported HY (Zr/HY) led to a 10-fold increase in aromatic 39 
hydrocarbons production with a distinctively high selectivity of 97.9%. A series of 40 
waste polymers including waste tires (WT), polyethylene (PE), polycarbonate (PC), 41 
and BR, were subjected to catalytic pyrolysis to explore the effects of polymer type 42 
on aromatic hydrocarbons generation, and BR was the most effective substrate, with 43 
yield enhancement reaching 2.4 over Zr/HY. Catalytic co-pyrolysis of waste rubbers 44 
and plastics was conducted to probe the effect of polymer structure on aromatic 45 
hydrocarbons formation, where a significant synergistic effect was observed in the PE 46 











Catalytic pyrolysis; sustainable waste management; polybutadiene rubber; plastic 49 
recycling/valorization; aromatic hydrocarbons. 50 
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1. Introduction 53 
The extensive application of rubbers and plastics has led to a massive accumulation 54 
of solid wastes (Yousef et al., 2021). For example, the annual world potential of waste 55 
rubbers is 5.2 Mt for China, 3.3 Mt for Europe, 2.5 Mt for North America, and 1 Mt 56 
for Japan (Akkouche et al., 2018). Among the manufactured rubbers, synthetic 57 
polybutadiene rubber (BR) is a critical raw material that has been widely employed 58 
for cable insulation, automotive parts, and tire tread, accounting for 1/3 of rubber used 59 
in truck tires and 2/3 of rubber used in passenger car tires (Akkouche et al., 2018). 60 
Regarding the management of waste plastics, only 31.1% was recycled in European 61 
countries in 2016, while the EU directive on packaging wastes stipulates a recycling 62 
rate of 55% in 2030 (Schubert et al., 2020). Given the environmental protection 63 
regulations and renewable energy recovery targets, traditional methods such as 64 
incineration and landfilling are not suitable (Lee et al., 2020).  65 
  Pyrolysis is a thermochemical conversion process aiming at the production of 66 
liquid fuels, gases, and biochar (Wang, J. et al., 2020). It is well known that pyrolysis 67 
is more suitable for energy recovery from waste rubbers and/or plastics because of 68 










(Darvishi et al., 2016). During the pyrolysis of waste rubbers or plastics, the 70 
long-chain hydrocarbons are degraded into smaller fragments, forming products with 71 
lower molecular weights which are more easily processed and upgraded (Kasar et al., 72 
2020). However, the wide product distribution (i.e., carbon chain length goes up to 73 
C27) limits the industrial application, and employing catalysts is a promising approach 74 
to upgrade the quality for downstream refinery (Kassargy et al., 2019).  75 
  A series of catalysts, including acidic zeolites and basic metal oxides, have been 76 
studied in the catalytic pyrolysis of waste polymers (Al-asadi et al., 2020). Compared 77 
with metal oxides, acidic zeolites are more effective in upgrading primary pyrolytic 78 
products (Chen et al., 2020). Among the zeolites, HY exhibited a more robust activity 79 
in generating single aromatic hydrocarbons such as toluene and xylenes, due to its 80 
larger pore size (i.e., 9.0 Å for USY, 7.8 Å for HY vs. 5.6 Å for HZSM-5). This 81 
structure allows the entrance of products with high molecular weights and favors the 82 
mass transfer (Kassargy et al., 2018). Our previous works indicated that compared 83 
with HZSM-5, HY and USY formed more monocyclic aromatic hydrocarbons in the 84 
catalytic pyrolysis of waste plastics (Wang et al., 2019). Moreover, Marcilla et al. 85 
(Marcilla et al., 2009) conducted the catalytic deconstruction of waste plastics over 86 
HY and HZSM-5, in which C4 ~ C12 hydrocarbons were main products in the HY 87 
catalysis, while C3 ~ C6 fractions dominated the product distribution in the presence 88 
of HZSM-5.  89 
Besides the textural property of zeolites, the acidic feature is also essential to 90 










mechanism induced by acid sites is responsible for the generation of primary radicals 92 
via β-scission and hydrogen transfer reactions (Kim et al., 2017). Specifically, the 93 
Brønsted acid sites facilitated cracking, oligomerization, and cyclization reactions, 94 
while the Lewis acid sites were more effective for hydrogen transfer (such as 95 
dehydrogenation and aromatization) (Bi et al., 2020). Therefore, tailoring the 96 
Brønsted/Lewis acidity plays a vital role in the catalytic decomposition of polymers. 97 
In this sense, an introduction of metal oxides into zeolites is an effective and efficient 98 
approach (Al-asadi et al., 2020). For example, Han et al. (Han et al., 2021) explored 99 
the catalytic pyrolysis mechanism of natural rubber over Zn-modified ZSM-5 100 
catalysts, where they observed that 3% Zn loading exhibited the best selectivity to 101 
aromatic hydrocarbons (~20%). However, to our best knowledge, the effect of metal 102 
oxides supported HY on the catalytic pyrolysis of polybutadiene rubber, with an 103 
emphasis on the generation of aromatic hydrocarbons, has not been studied.  104 
In the present study, HY zeolites were supported by Co, Fe, and Zr, and X-ray 105 
diffraction (XRD), N2-adsorption/desorption, ammonia-temperature programmed 106 
desorption (NH3-TPD), X-ray photoelectron spectroscopy (XPS), and 107 
pyridine-Fourier Transform Infrared Spectroscopy (Py-FTIR) were used to 108 
characterize these catalysts. Secondly, catalytic pyrolysis of polybutadiene rubber (BR) 109 
over supported catalysts was conducted to probe its degradation mechanism and 110 
evaluate the catalytic activity. Thirdly, typical solid wastes including waste tires (WT), 111 
low-density polyethylene (PE), and polycarbonate (PC), were employed to study the 112 










co-pyrolysis of waste rubbers and plastics over iron supported HY was also carried 114 
out to further explore the possible synergy in feedstock blends.  115 
2. Materials and experiments 116 
2.1. Materials 117 
The powdered polymers were purchased from Shuang Fuxin and Huachuang 118 
Polymer Materials Company in Guangdong province, China. The elemental analysis 119 
was carried out, and the results are summarized in Table S1. The commercial HY 120 
zeolites with a SiO2/Al2O3 molar ratio of 5.4 were provided by the Catalyst Plant of 121 
Nankai University, Tianjin, China. The metal oxides supported HY catalysts were 122 
prepared based on previous works (Li et al., 2016). Specifically, for the iron supported 123 
HY, 2.17 g Fe(NO3)3•9H2O and 10 g powder HY were dissolved in the deionized 124 
water (70 mL) with magnetic stirring for 10 min at 50 
o
C. The mixture was dried at 125 
120 
o
C for 6 h, then was calcined at 550 
o
C for 5 h in static air. The HY zeolites 126 
supported by different metal oxides were labeled as Co/HY, Fe/HY, and Zr/HY, 127 
respectively.  128 
2.2 Characterization 129 
The XRD patterns were investigated by Bruker D8 Advance using CuKα radiation, 130 









Nitrogen adsorption-desorption was conducted by a Micromeritics ASAP 2460 132 
adsorption instrument with nitrogen at 77K. The NH3-TPD was carried out via a 133 










under He at 450 °C for 1 h, and they were saturated with 10% NH3/He (50 mL/min) at 135 
100 °C for 1 h. Finally, the samples were purged with Ar (150 °C, 1 h), and the TPD 136 
was conducted from 100 to 800 
o
C at a heating rate of 10 °C/min. Moreover, 137 
Pyridine-FTIR (Thermo Nicolet 380, Thermo Scientific) analysis was carried out in 138 
the scanning range of 450-4000 cm
-1
. The samples were pretreated at 350 °C for 1 h, 139 
then were cooled to 40 °C to record the background. The pyridine vapor was adsorbed 140 
for 30 min and was purged by N2 for 30min, followed by the desorption for 1 h at the 141 
required temperature. X-ray photoelectron spectroscopy (XPS) was conducted on 142 
Thermo Fisher K-Alpha. The binding energy was calibrated using C 1s BE at 284.6 143 
eV. The elemental analyses for Fe, Co, and Zr were determined by inductively 144 
coupled plasma-atomic emission spectrometer (ICP-AES) using an Agilent 725 145 
instrument.  146 
2.3 Experimental method 147 
Catalytic pyrolysis of polymers was conducted via an analytical pyrolysis-gas 148 
chromatography/mass spectrometry (Py-GC/MS, CDS 5200-7890A/5975C, Agilent, 149 
Fig. 1). A quartz tube was used to load the feedstocks (fixed at 0.8 ± 0.01 mg). A 150 
catalyst to feedstock (C/F) mass ratio of 2:1 was used to ensure high contact 151 
efficiency of pyrolytic vapors and catalysts. In this sense, Park et al. (Park et al., 152 
2019b) used a higher C/F of 5:1 to explore the co-feeding effect of waste plastic films 153 
on the catalytic degradation of quercus variabilis over HY and HZSM-5. The reaction 154 
temperature was controlled at 650 
o
C with a heating rate of 10 
o










time was 30 s. The identification of pyrolytic products was conducted by comparing 156 
mass spectra with the NIST MS library. The concentration of pyrolytic products was 157 
measured by the total ion chromatogram (TIC) area of identified peaks. Each 158 















Fig. 1. Schematic diagram of the Py-GC/MS configuration. 161 
The relative selectivity of condensable hydrocarbons (Sch) was calculated as 162 
follows: 163 







                               (1) 164 
where Ps is the area of a specific component of hydrocarbons, and ΣPtc is the total 165 
area of condensable hydrocarbons.  166 
To compare the catalytic activity of metal supported HY in terms of aromatic 167 
hydrocarbons generation, the enhancement factor was calculated based on the TIC 168 
area difference. In fact, for specific components such as alkenes or aromatic 169 
hydrocarbons, there is a linear relationship between the variations in the TIC area and 170 










performance of modified HY due to it was calculated by employing the same control 172 
(i.e., the TIC area obtained from the standard HY). The equation is shown below: 173 
( ) ( )
( )







                            (2) 174 
where Ps(i) is the area of a specific component obtained from supported HY, Pc(i) is the 175 
area attained from fresh HY.  176 
The theoretical aromatic hydrocarbons and the synergistic effect during the 177 
co-pyrolysis of waste rubbers and plastics were calculated shown as below:  178 
( , )
i j pc PC
i j
i pc












        (4) 180 
where ix (i = WT, BR, and PE) and pcx are the mass percentages of hydrogen-rich 181 
materials and PC in feedstock blends, respectively. Aj (j = benzene, toluene, 182 
ethylbenzene, xylenes, and alkylbenzenes) is the area obtained from catalytic 183 
pyrolysis of pure hydrogen-rich materials, and Apc is the corresponding area derived 184 
from pure PC degradation.  185 
3 Results and Discussion 186 
3.1 Catalyst characterization 187 
3.1.1 Textural properties 188 
Fig. 2a shows the XRD characterization results of studied catalysts. As indicated, 189 










the HY zeolite framework remained intact after introducing metal species. No distinct 191 
characteristic peaks corresponding to metal species were identified, indicating that the 192 
metals in the form of their respective oxides were dispersed well on the surface of HY 193 
(Li et al., 2017). The element content of introduced metals was 3.1%, 3.1%, and 2.9% 194 
for Co, Fe, and Zr, respectively (by ICP-AES). Nevertheless, the introduction of metal 195 
species into HY led to a significant decrease in peak intensity compared with the 196 
parent HY, which agreed with previous works (Zhang et al., 2019). The XPS spectra 197 




 peaks 198 
were observed, indicating the co-existence of CoO and Co2O3 on the Co/HY. A 199 




 reached 200 
56.7% and 43.3%, respectively. Concerning the Zr 3d spectra, only Zr
4+
 species were 201 
attained on the surface of Zr/HY.  202 
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Fig. 2. X-ray diffractograms (a), XPS(b), and N2 adsorption-desorption isotherms (c) 206 
of standard and modified HY. 207 
Fig. 2c illustrates the N2-adsorption/desorption isotherms of parent HY, Co/HY, 208 
Fe/HY, and Zr/HY, respectively (pore size distribution shown in Fig. S2). A typical 209 
type II isotherm, which is characteristic of microporous structure, was observed both 210 
in standard HY and metal supported ones (Wei et al., 2020). The textural properties, 211 
including total surface area, micropore area and pore volume, are summarized in 212 
Table 1. As shown, an addition of metal species into HY decreased the surface area. 213 
For instance, the surface area was 835 m²/g for parent HY, while it decreased to 765 214 
m²/g for Co/HY, 723 m²/g for Fe/HY, 759 m²/g for Zr/HY, respectively. Similarly, the 215 
introduction of metal species also resulted in a slight decrease in pore volume. This 216 
data might be attributed to the presence of metal oxides aggregated on the surface or 217 










Table 1 Textural properties of HY samples. 219 
Sample 














HY 835 773 0.35 0.29 
Co/HY 765 698 0.35 0.26 
Fe/HY 723 663 0.33 0.25 




Calculated at P/P0= 0.990. 220 
3.1.2 Acidity of catalysts 221 
The acidic properties are characterized by NH3-TPD. As indicated in Fig. 3a, for 222 
the fresh HY, the desorption of ammonia took place from 100 to 600 
o
C, suggesting 223 
that there was a wide range of acid sites in the parent HY. The desorption signal was 224 
divided into two typical peaks centered at ~157 and ~400 
o
C, which represented the 225 
sites of the weak and strong acidity, respectively. The concentration of total acid sites 226 
was reduced from 0.72 mmol/g to 0.50 mmol/g for Co/HY, 0.57 mmol/g for Fe/HY, 227 
and 0.62 mmol/g for Zr/HY, respectively (Table S2), which might be ascribed to the 228 
preferential occupation of acid sites by metal species (Xu, Y. et al., 2018). An 229 
introduction of metal species into HY decreased the percentage of strong acid sites 230 
from 48.6% to 32.0%, 36.8%, and 29.0% for Co/HY, Fe/HY, and Zr/HY, respectively 231 
(Fig. 3b). In contrast, modifying HY by loading Zr resulted in an increase in the weak 232 






























Fig. 3. NH3-TPD profiles (a) and distribution of acid sites (b) of parent HY and 235 
supported HY zeolites. 236 
The distribution of Brønsted and Lewis acidity was further studied by 237 
pyridine-FTIR. Generally, the absorption at ca. 1445-1454 cm
-1
 indicated the presence 238 
of Lewis acid sites, while the bands at ~1546 and ~1630 cm
-1
 were assigned to 239 
Brønsted acid sites (Zhang et al., 2019). As shown in Fig. 4, both Lewis and Brønsted 240 
acid sites were detected, and the amounts of Brønsted acid sites were reduced upon 241 
introducing metal species. For instance, the content of Brønsted acid sites decreased 242 
from 169.6 μmol/g for HY to 96.2 μmol/g for Co/HY, 106.8 μmol/g for Fe/HY, and 243 
125.8 μmol/g for Zr/HY, whereas the amounts of Lewis acid sites increased from 60.1 244 
μmol/g to 88.7 μmol/g for Zr/HY. Moreover, the ratio of Brønsted to Lewis acid sites 245 
(B/L) was calculated by normalizing peak areas at ~1546 and ~1454 cm
-1
. Compared 246 
with fresh HY with a B/L ratio of 2.8, the Co/HY, Fe/HY, and Zr/HY decreased the 247 





























Fig. 4. Py-FTIR spectra obtained at 150 
o
C; B: Brønsted acid sites; L: Lewis acid 250 
sites.  251 
3.2 Catalytic performance of supported HY in the degradation of BR 252 
3.2.1 Comparison of non-catalytic and catalytic pyrolysis  253 
Fig. 5 shows the components derived from catalytic pyrolysis of BR over fresh and 254 
supported HY. The non-catalytic (gray dashed line) was embedded to make a 255 
comparison. As indicated, the thermochemical conversion of BR produced a series of 256 
hydrocarbons, including C4 olefins, C5+ alkanes and alkenes (AAs), and aromatic 257 
hydrocarbons (GC/MS chromatograms shown in Fig. 6). For the catalyst-free run, the 258 
product distribution was dominated by C4 species (1,3-butadiene) followed by alkanes 259 










general, the degradation of BR follows a free radical mechanism, and the primary 261 
decomposition starts from the dissociation of the C-C single bond to form radicals 262 
(Gupte and Madras, 2004). These radicals were further rearranged to produce primary 263 
butadiene and 4-vinylcyclohexene. Subsequently, the formed 4-vinylcyclohexene 264 
undergoes dehydrogenation, dealkylation, and end group alkyl reaction to produce 265 
aromatic hydrocarbons because of its poor thermal stability (Sanglar et al., 2010). 266 
Choi and Kwon (Choi and Kwon, 2014) reported that the hydrogen transfer to the 267 
C=C bond takes place at high reaction temperature (>660 
o
C), resulting in the 268 
generation of long single carbon bond sequences (~C-C-C-C~) via 1,2 hydrogen 269 
followed by 1,5 hydrogen shifts. The produced single C bond sequences are easily 270 
broken to generate free radicals which are responsible for cyclic hydrocarbons. 271 
Therefore, the generation of aromatic hydrocarbons could be attributed to the 272 
dehydrogenation and dealkylation of cyclic hydrocarbons, as shown in Scheme 1.  273 


















(a) C4 Olefins 



































































































Fig. 5. Pyrolytic products obtained from catalytic degradation of BR as a function of 276 










monocyclic aromatic hydrocarbons; C5-C9 GRs: gasoline range products.  278 























































Fig. 6. GC/MS chromatograms obtained from catalytic degradation of BR.  280 
 281 










In the case of catalytic pyrolysis of BR over HY, compared with non-catalytic run, 283 
the HY catalysis significantly affected the distribution of hydrocarbons, and a 4-fold 284 
increase in aromatic hydrocarbons production was obtained (Fig. 5c). More 285 
importantly, the selectivity of aromatic hydrocarbons reached 95.7% over HY (Fig. 7), 286 
which was 56.5% higher than that of the non-catalytic. As previously mentioned, a 287 
carbenium mechanism induced by acid sites in HY contributes to the primary radicals 288 
by β-scission and hydrogen transfer (Akubo et al., 2019). Subsequently, the cracking, 289 
oligomerization, aromatization, cyclization, and Diels-Alder reactions take place on 290 
the active sites to produce aromatic hydrocarbons (Xu, F. et al., 2018). Furthermore, 291 
the larger pore size of HY (7.8 Å vs. 5.6 Å for HZSM-5) gives an additional 292 
advantage for accelerating the contact efficiency between bulky molecules and active 293 
sites. For instance, Santos et al. (Santos et al., 2019) conducted catalytic pyrolysis of 294 
plastic blends (PE and PP) over HZSM-5 and USY, in which the presence of weak 295 
acid sites and large pore size in USY favored the degradation of plastics to yield more 296 
liquid fraction. Moreover, the secondary reactions of alkenes (i.e., hydrocarbon pool 297 
mechanism) to generate aromatic hydrocarbons were also promoted by zeolites (Wang, 298 
Y. et al., 2020). Therefore, the enhanced aromatic hydrocarbons production was 299 
accompanied by a significant decrease in C4 olefins, alkanes, and alkenes, as shown in 300 
Fig. 5a and 5b.  301 
3.2.2 Catalytic activity of supported HY zeolites 302 










decomposition of BR, as illustrated in Fig. 5, Co/HY, Fe/HY, and Zr/HY produced 304 
more aromatic monomers as opposed to the fresh HY. For instance, the enhancement 305 
factor of monocyclic aromatic hydrocarbons (MAHs) reached 0.1 for Co/HY, 1.3 for 306 
Fe/HY, and 2.4 for Zr/HY, respectively. A similar trend was observed for 307 
gasoline-range hydrocarbons (GRs: mainly were C5~C9 alkenes and MAHs) as the 308 
enhancement increased to 2.3 in the Zr/HY catalyzed run (vs. 0.1 for Co/HY and 1.5 309 
for Fe/HY). Moreover, the selectivity to MAHs was 54.6% for HY, 64.1% for Co/HY, 310 
69.7% for Fe/HY, and 73.2% for Zr/HY, respectively (Fig. 7).  311 
Typically, the acidity properties of zeolites are crucial to aromatic hydrocarbons 312 
formation (Özsin and Pütün, 2018). Compared with Brønsted acid sites which favored 313 
the cracking, oligomerization, and cyclization reactions, the Lewis acid sites were 314 
more effective in hydrogen transfer reactions such as dehydrogenation (Scheme 1) 315 
(Choi and Kwon, 2014). It could be concluded that an increase in Lewis acid sites via 316 
an introduction of metal species was beneficial. In the present work, a higher aromatic 317 
hydrocarbons production in the Zr/HY catalyzed BR was attributed to its higher 318 
content of Lewis acid sites (88.7 vs. 60.1 μmol/g for parent HY, Fig. 4). Furthermore, 319 
the high surface area (759.0 m²/g, Table 1) provides an additional advantage for 320 
desirable aromatic hydrocarbons.  321 
On the other hand, introducing active prompters such as Fe and Zr further enhanced 322 
the catalytic activity by promoting hydrogen transfer reactions. For instance, Ma et al. 323 
(Ma et al., 2018) explored the degradation mechanism of Br-ABS, where they 324 










styrene by converting the thermally degraded carbo-radical to a carbanion. Hence, the 326 
improved aromatic hydrocarbons in the Fe/HY and Zr/HY catalyzed trials in this 327 
study might be ascribed to the coordination between Lewis acid sites and the iron or 328 
zirconium active species. Furthermore, compared with the parent HY, the Co, Fe, and 329 
Zr supported HY reduced the selectivity of naphthalene and its derivates (NIDs) 330 
which was related to the decrease in Brønsted acid sites (Fig. 4) (Rezaei et al., 2016). 331 
Specifically, the NIDs selectivity was 41.1% in HY, while it was decreased to 32.1%, 332 

































 AAs  MAHs  NIDs  335 
Fig. 7. Selectivity of condensable pyrolytic products obtained from non-catalytic and 336 
catalytic degradation of BR: AAs: Alkanes and alkenes; MAHs: monocyclic aromatic 337 
hydrocarbons; NIDs: naphthalene and its derivatives. 338 
3.2.3 Distribution of monocyclic aromatic hydrocarbons (MAHs) 339 
Concerning the distribution of MAHs (e.g., benzene, toluene, ethylbenzene, 340 
xylenes, and C9 alkylbenzenes, BTEXAs), as illustrated in Fig. 8, the distribution was 341 
mainly dominated by benzene, toluene, and xylenes (BTX). Employing zeolites (both 342 
fresh and modified ones) favored MAHs to different levels in comparison with the 343 
non-catalytic. Among the supported zeolites, Fe/HY and Zr/HY exhibited higher 344 










increase in producing xylenes as opposed to Co/HY for BR degradation. This might 346 
be attributed to the lowest content of active acid sites in Co/HY (Table 1), which 347 
inhibited the hydrogen transfer reactions. Moreover, higher dehydrogenation and 348 
aromatization activities in Fe and Zr active species were also responsible for the 349 
enhanced production of targeted aromatic monomers (Akubo et al., 2019).  350 
































































































(e) C9 Alkylbenzenes 
 352 
Fig. 8. Distribution of MAHs obtained from catalytic degradation of BR: Effect of 353 
catalyst type. 354 
The selectivity of MAHs is summarized in Fig. 9. As indicated, toluene was the 355 
most abundant with a maximum value of 16.1% for standard HY catalyzed run, 356 
followed by xylenes. Employing supported HY resulted in an increased selectivity in 357 
BTX. More specifically, Fe/HY was the most active in improving the selectivity of 358 
benzene and toluene with a ~8% increase rate as opposed to the fresh HY. In 359 
comparison, Zr/HY was more beneficial to xylenes selectivity with a peak of 20.0%. 360 
It is well known that MAHs, particularly for BTX, are critical raw industrial materials 361 










cyclohexane, which is a nylon precursor (Gaurh and Pramanik, 2018). Toluene is 363 
widely employed as gasoline blending to improve the octane value. Xylenes 364 
(including m-, o-, and p-xylene) are widely used in producing plastic bottles and 365 
polyester clothing. Therefore, modifying HY by loading Fe and Zr to recycle these 366 
desirable aromatic monomers from waste rubbers and plastics, is beneficial for 367 






























Fig. 9. Selectivity of BTEXAs derived from the catalytic conversion of BR as a 370 
function of catalyst type: B: benzene; T: toluene; E: ethylbenzene; X: xylenes; A: 371 
alkylbenzenes. 372 
3.3 Further evaluation of modified HY in deconstruction of waste polymer blends 373 
3.3.1 Effect of polymer type on aromatic hydrocarbons production 374 
To verify whether the metal supported HY could exhibit superior catalytic activity 375 
in converting other waste polymers into aromatic hydrocarbons (in particular BTX), 376 
both waste rubbers and waste plastics including waste tires (WT), low-density 377 
polyethylene (PE), and polycarbonate (PC), were subjected to catalytic pyrolysis 378 
over Fe/HY and Zr/HY, respectively. Moreover, we also conducted the non-catalytic 379 
pyrolysis to explore how the polymer type affected the original distribution of 380 










expected, polymer type significantly affected the distribution of pyrolytic 382 
components. For example, alkanes and alkenes (AAs) were the predominant 383 
fractions with a high concentration of 97.2%, 60.8%, and 49.8% in the degradation 384 
of PE, BR, and WT, respectively. While the product distribution derived from the 385 
thermochemical decomposition of PC was dominated by phenolic products (~70.1%, 386 
mainly were phenol and cresols, Fig. S4a).  387 
The products derived from catalytic decomposition of studied polymers is shown 388 
in Fig. 10. Compared with the fresh HY, Fe/HY or Zr/HY enhanced the aromatic 389 
hydrocarbons regardless of polymer type. For example, when Zr/HY was used as a 390 
catalyst, the enhancement factor of MAHs was 0.6, 2.4, 0.3, and 0.4 for WT, BR, PE, 391 
and PC, respectively. The selectivity of pyrolytic components was also highly 392 
dependent on the introduced metal promoters. Taking the catalytic pyrolysis of PC for 393 
instance, the Zr/HY and Fe/HY improved MAHs selectivity from 29.4% to 36.4% and 394 
32.2%, respectively (Fig. S4a). Generally, pure acidic zeolites are not suitable for the 395 
deoxygenation of phenolic products because these components have a high potential 396 
to generate a strong bonding with acid sites on zeolites (such as HZSM-5, Hβ, and 397 
HY), which leads to the catalyst deactivation (Rezaei et al., 2016). It is noteworthy 398 
that introducing Fe and Zr with enhanced oxophilicity or oxygen vacancies facilitated 399 
the deoxygenation of phenolic products (C-O bond cleavage) to form aromatic 400 
hydrocarbons (Rezaei et al., 2016), and a similar trend was obtained in the present 401 
study as the increased aromatic hydrocarbons was associated with a significant 402 










Zr/HY).  404 
















































Fig. 10. Pyrolytic products obtained from catalytic degradation of polymers: AMHs: 406 
aromatic hydrocarbons; MAHs: monocyclic aromatic hydrocarbons.  407 
Concerning the effect of polymer structure on the BTX enhancement factors, waste 408 
rubbers exhibited better activity in comparison with waste plastics (Figs. S6~S7). 409 
Specifically, taking toluene for an example, the enhancement factor was 2.6 for BR 410 
and 0.4 for PC over Zr/HY, indicating that Zr/HY exhibited over 6 times higher 411 
catalytic activity in generating toluene compared with that of PC. The maximum 412 
enhancement factors of BTX were also attained from Zr/HY catalyzed BR run. There 413 
were no xylenes or alkylbenzenes formed in the catalytic pyrolysis of PC; conversely, 414 
xylenes formation was maximized with a selectivity of 25.7% in the Zr/HY catalyzed 415 
WT trial (Fig. S8).  416 
3.3.2 Effect of polymer blends on aromatic hydrocarbons production 417 
To further evaluate the catalytic performance of supported HY in the deconstruction 418 
of polymer blends, we subsequently conducted the catalytic co-pyrolysis of waste 419 










hydrocarbons was significantly dependent on the H/C effective ratio of feedstocks, for 421 
example, Zhang et al. (Zhang et al., 2011) concluded that a higher H/C effective ratio 422 
favored aromatics and olefins production. Hence, PC was selected as the fundamental 423 
feedstock due to its lowest H/C effective ratio of 0.5 (vs. 2.0 for PE and 1.2 for BR, 424 
Table S1).  425 
Fig. 11 shows the main pyrolytic products obtained from the Fe/HY catalyzed 426 
co-pyrolysis. As expected, co-feeding PC with hydrogen-rich materials reduced 427 
phenols. Specifically, the reduction rate reached 49.2%, 50.6%, and 73.1% when WT, 428 
BR, and PE was co-fed with PC, respectively. Conversely, elevating the H/C effective 429 
ratio via co-pyrolysis facilitated aromatic hydrocarbons to different levels, depending 430 
on the hydrogen-rich materials employed as shown in Fig. 11b. Moreover, the 431 
selectivity of aromatic hydrocarbons increased from 40.7% for pure PC to 66.8% for 432 
WT+PC, 63.4% for BR+PC, 63.9% for PE+PC, respectively (Fig. 12). 433 
 434 
Fig. 11. Pyrolytic phenols (a) and aromatic hydrocarbons (b) attained from catalytic 435 








































Fig. 12. Distribution of pyrolytic products derived from catalytic co-pyrolysis of PC 438 
with hydrogen-rich feedstocks over Fe/HY: MAHs: monocyclic aromatic 439 
hydrocarbons; Naph.s: Naphthalene and its derivatives; AAs: alkanes and alkenes; DE: 440 
diphenyl ether.  441 
Regarding the distribution of MAHs, as shown in Fig. S9, BTX were the main 442 
components and their selectivity increased from 29.6% for pure PC to 38.3%, 35.6%, 443 
and 46.3% for PC+WT, PC+BR, and PC+PE, respectively. There could be a 444 
synergistic effect between feedstocks which facilitated the aromatic hydrocarbons 445 
production when the co-pyrolysis was conducted (Park et al., 2019a). To probe how 446 
this synergy affects the BTX formation, the theoretical BTX was calculated based on 447 
equation (3) and the results are summarized in Fig. S10. The synergistic effect that 448 
was calculated by equation (4) is illustrated in Fig. 13. As shown, a positive difference 449 
between experimental and theoretical BTX was observed in the PC co-fed with WT 450 
and PE, suggesting that a synergistic effect in BTX production was observed. 451 
Moreover, co-feeding PC with PE maximized this synergistic effect. Specifically, 452 
taking toluene for an example, the highest synergistic effect for its formation was 453 
117.0% in PE co-pyrolyzed with PC (vs. 17.7% for WT+PC, -7.5% for BR+PC). This 454 


















































































































































Fig. 13. Difference between experimental and theoretical BTX and the synergistic 459 
effect obtained from the co-pyrolysis. 460 
3.3.3 Proposed reaction mechanism in the Fe/HY catalyzed co-pyrolysis process 461 
In general, the hydrocarbon pool mechanism was responsible for aromatic 462 
hydrocarbons, and an increase in H/C effective ratio by co-pyrolysis further enhanced 463 
this mechanism to produce more desirable aromatics (Dorado et al., 2013). The 464 
phenolic compounds derived from PC degradation were stabilized by hydrogen 465 
transferred from hydrogen-rich feedstocks, and these stabilized phenolics were further 466 
deoxygenated via demethoxylation followed by dihydroxylation to generate aromatic 467 










zeolites with a lower percentage of strong acid sites and larger pore size are more 469 
appropriate for vapor upgrading of lignin-derived phenolic compounds. On the other 470 
hand, Zhang et al. (Zhang et al., 2020) reported that the higher oxophilicity of Fe 471 
results in a lower activation barrier for directly cleaving the C-O bond and increasing 472 
the aromatic hydrocarbons selectivity during the catalytic deoxygenation of phenolic 473 
products. Meanwhile, the oxophilic Fe was also calculated to interact preferably with 474 
phenoxy groups which promoted the direct C-O bond cleavage (Hensley et al., 2016). 475 
Hence, in the present study, modifying HY by loading Fe significantly decreased the 476 
strong acid sites from 0.35 mmol/g for parent HY to 0.21 mmol/g (Table S2). 477 
Meanwhile, a high content of Fe
3+
 with a value of 56.7% in Fe/HY (XPS results 478 
shown in Fig. 2c) also enhanced the oxophilicity to deoxygenate phenols. 479 
Furthermore, the channels of HY also provided an additional advantage for 480 
facilitating the diffusivity of phenolic molecules because its pore size (ca. 7.8 Å) was 481 
larger than the kinetic diameters of phenols (e.g., 5.5 Å for phenol, 5.9 Å for o-cresol, 482 
6.0 Å for 2,3-xylenol, and 6.1 Å for anisole) (Rezaei et al., 2016). Therefore, the 483 
decrease in PC-derived phenols via the co-pyrolysis could be attributed to the synergy 484 
of Fe active promoters and the low content of strong acid sites, and a higher H/C 485 
effective ratio in feedstocks and the larger channels of HY further favored this 486 
synergy to deoxygenate phenols as proposed in Scheme 2. Moreover, we will scale up 487 
the degradation process and investigate the developed catalyst system via a two-step 488 












Scheme 2. Proposed reaction pathways for generating aromatic hydrocarbons during 492 
the co-pyrolysis of PC with hydrogen-rich materials.  493 
4. Conclusions  494 
In summary, introducing metal promoters into HY significantly affected the acidity 495 
property by lowering the amount of Brønsted acid sites. The catalytic performance of 496 
fresh and modified HY catalysts was tested in the catalytic pyrolysis of BR, and 497 
Zr/HY was more effective in forming aromatic hydrocarbons than the others. The 498 
product distribution of aromatic hydrocarbons was dominated by BTX, and Fe/HY 499 
was the most active in improving the selectivity of benzene and toluene with a ~8% 500 
increase rate, while Zr/HY was more beneficial to the xylene selectivity with a peak 501 
of 20.0%. The polymer type played a vital role in aromatic hydrocarbons generation, 502 
and catalytic degradation of waste rubbers produced more desirables than that of 503 
waste plastics. Among the studied polymers, BR was the most effective in forming 504 
aromatic hydrocarbons as the enhancement factor over Zr/HY was 0.6, 2.4, 0.3, and 505 










blends in the co-pyrolysis of waste rubbers and plastics which promoted the increase 507 
in desirable aromatics, and the highest synergistic effect for toluene formation was 508 
117.0% in PE co-pyrolyzed with PC. Modifying HY zeolites by loading Fe or Zr to 509 
catalytically degrade waste rubbers and plastics is a promising approach to produce 510 
aromatic monomers for sustainable biorefinery.  511 
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 Waste rubbers and plastics could be valorized into aromatic hydrocarbons.  
 Introducing Co, Fe, and Zr into HY zeolites decreased the amounts of Brønsted acid 
sites. 
 A ten-fold increase in yield with high selectivity of 97.9% was obtained over Zr/HY. 
 Catalytic pyrolysis of waste rubbers produced more aromatic hydrocarbons. 
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